The outstanding characteristics of the marine invertebrate chordates, ascidians, are a sessile adult stage and cellulose production. These characteristics are not seen in other chordate groups. Molecular studies have suggested that these two characteristics are tightly linked. Ascidians possess the gene encoding cellulose synthase in their genomes. The disruption of the cellulose synthase gene results in abnormal metamorphosis and failure in adhesion, suggesting that cellulose is necessary for starting and continuing sessile life. Ascidian cellulose synthase is suspected to have been transferred to the tunicate ancestor from a bacterial group by horizontal gene transfer. It was suggested that by this transfer, the ancestor of tunicates was given both the gene body and an epidermal enhancer from the bacterium. The simultaneous transfer of these two genetic elements is thought to have facilitated the success of the gene transfer, which enabled the ancestor to utilize cellulose for evolving sessile ascidians.
Introduction
The phylum (or superphylum) Chordata (Fig. 1a) consists of three groups: cephalochordates, tunicates, and vertebrates (Satoh et al., 2014) . Among these groups, the cephalochordate group is at the most basal position according to the phylogenetic analyses, and the tunicate and vertebrate groups form sister groups with each other (Delsuc et al., 2006) . Animals classified into the phylum chordate share some outstanding characteristics that can be used to distinguish them from other animal groups. For example, chordates have a notochord at a certain period of their life and a tubular central nervous system (CNS) at the dorsal part of the body. Most chordates are free-living animals; they have developed muscle and are motile at both their larval and adult stages. These characteristics enable us to recognize a chordate species relatively easily, except for ascidians whose adults are difficult to be viewed as chordates or even as animals.
Tunicates include thaliaceans and larvaceans in addition to ascidians, and ascidians form the largest group among the tunicates. Adult ascidians generally have a vase-like shape (Fig. 1b) , and they are immotile, sessile animals. The sessile lifestyle is the characteristic specific to ascidians among the tunicates. Other tunicate groups such as larvaceans and thaliaceans are planktonic throughout their life. The CNS of ascidian adults are small and short compared to their entire body size, and the dorsoventral axis of the CNS is not easy to recognize from its outside morphology. This is in contrast to the CNSs of other chordates; for example, the vertebrate CNS has a long spinal cord. A notochord is not found in adult ascidians. The overall morphology of adult ascidians is quite distinct from that of the typical tadpole structure, which is the representative shape of chordates, and ascidians were previously misclassified with a different animal group (Satoh, 2003) .
The chordate features of ascidians can be easily seen in their larval body. The ascidian larva, unlike ascidian adult, exhibits the typical tadpole shape (Fig. 1c) . The larva has a rodlike body with a thicker trunk and a long and thinner tail. The tail includes a notochord at the center, surrounded by muscles that have striated muscle fibers. The larval CNS is located at the dorsal side. The CNS is formed by closure of the neural tube, which is a characteristic morphogenetic movement that is also seen in other chordates for the formation of a tubular CNS (Nicol and Meinertzhagen, 1988; Ogura et al., 2011) .
The thickened anterior side of the ascidian larval CNS is due to the gathering of neurons to form the sensory vesicle that is comparable to the brain of vertebrates (Wada et al., 1998; Dufour et al., 2006; Ikuta and Saiga, 2007) . The CNS of the ascidian larva includes motor neurons that regulate the contractility of tail muscles for swimming (Horie et al., 2010; Stolfi and Levine, 2011; Nishino et al., 2011; Ryan et al., 2016) . By using the motor system, ascidians have a motile lifestyle at the larval stage. The shape of ascidian larvae is distinct from that of adults, and the distinctness has made it difficult to infer their relationships.
The shape difference between larval and adult ascidians is achieved by metamorphosis (Cloney, 1982 the anterior pole of the trunk (Fig. 1c) . The adhesive papilla secretes viscous substances, and the larva adheres to the substrate with the papilla. The papilla is a neuronal organ (Horie et al., 2008) , and adhesion is thought to be the stimulus that starts the excitation of the neurons in the papilla. The excitation of the neurons could be transmitted toward the posterior part of the body through neurites (Takamura, 1998) , and a set of metamorphic events is initiated.
The outstanding metamorphic event of ascidians is the loss of the tail. Most body parts of the adult ascidian are formed by the cells at the larval trunk supplemented by the ventrally located tail cells consisting of the endodermal strand and primordial germ cells Nishida, 1997, 2000; ShiraeKurabayashi et al., 2006; Nakazawa et al., 2013; Kawai et al., 2015) . Other cells that form the larval tail are lost during metamorphosis by tail regression and apoptosis (Chambon et al., 2002 (Chambon et al., , 2007 . By this metamorphic alteration, ascidians lose their apparent chordate features and motility to start sessile life.
For sessile organisms, protection of their body is essential for defense against predators. Ascidians achieve this defense by the tunic covering of their fragile body (Fig. 2a) . The tunic is the outmost layer of ascidians; it is not hard compared to the shells of mollusks, but the tunic is so flexible that it is not easily torn. The ascidian tunic contains cellulose ( Fig. 2b ; Ranby, 1952) , the organic macromolecule that is well known as the major component of cell walls of plant cells. Cellulose provides toughness to the ascidian tunic (Sasakura et al., 2005) . The production of cellulose is not a specific feature of ascidians, and the ability to produce cellulose is shared among tunicate groups (Hirose et al., 1999) . However, among the chordates, the tunicates are the only group that synthesizes cellulose. This situation is not restricted to chordates; the ability to produce cellulose is an exceptional characteristic of tunicates among all animal groups. To understand the sessile lifestyle of ascidians, it is thus necessary to address the mechanisms underlying the production of cellulose by tunicates.
Ascidians produce cellulose for themselves
The draft genome of the ascidian Ciona intestinalis (currently there is controversy regarding the species name of this ascidian; however, I use this name according to the original manuscripts that I refer to herein) was reported by Dehal et al. in 2002 . Extensive investigations and annotations of genes encoded in the genome revealed how much the gene repertoire of Ciona resembles those of vertebrates (e.g., Sasakura et al., 2003; Satou et al., 2003) . Genome analyses also revealed genes that are specific to the ascidian (or tunicate) lineages.
One of the unique genes encodes a protein that shows a high similarity to cellulose synthases of plants, fungi and bacteria (Nakashima et al., 2004) . Ciona savignyi, a species related to Ciona intestinalis, also possesses such a gene (Matthysse et al., 2004) . The genes are named CesA, with the abbreviated species names such as Ci-CesA. Genes encoding the protein homologous to CesA were later detected in a non-ascidian tunicate, the larvaceans Oikopleula dioica (Sagane et al., 2010) . The larvaceans do not settle, suggesting that they use cellulose for a purpose other than settlement. Larvaceans have a special tunic structure called a 'house,' which is used for collecting food efficiently. Cellulose fibers are present in the house (Kimura et al., 2001; Sagane et al., 2010) .
The tunicate CesA proteins, which are seven-pass transmembrane proteins, have a unique domain composition ( (Kimura and Itoh, 1996) .
The functions of ascidian CesA and sessile lifestyle
Although tunicate CesA proteins resemble those in other organisms, the similarity does not assure that the proteins function in cellulose synthesis in vivo. The roles of CesA in tunicates were shown in Ciona intestinalis by mutant analyses (Sasakura et al., 2005) . CesA mutants exhibit a malformed tunic at the larval stage (Fig. 3) . The malformation is caused by the absence of cellulose fibers from the tunic, suggesting
that Ciona intestinalis CesA (Ci-CesA) is indispensable for cellulose production in this ascidian, strengthening the role of Ci-CesA as the cellulose synthase. After metamorphosis, the bodies of juvenile and adult CesA mutants are also covered by the tunic; however, the tunic is much softer than that of wildtype animals. Therefore, cellulose fiber is necessary to give the physical strength to the tunic and is also necessary for the appropriate shaping of the tunic. The functions of larvacean
CesA were addressed in knockdown experiments, and the re-
sults demonstrated that CesA is also necessary for the correct cellulose fiber formation in this tunicate (Sagane et al., 2010) .
Observations of Ci-CesA mutants indicated an unexpected role of cellulose in ascidians (Sasakura et al., 2005) . CesA mutant larvae exhibit abnormal metamorphosis. Ascidian larvae do not start metamorphosis without settlement by the adhesive papillae. In this metamorphosis-prolonged situation, wild-type larvae do not change their morphology at all. CesA mutant larvae, during swimming, begin some metamorphic events that convert the morphology of their trunk (Fig. 3) .
Because CesA mutant larvae do not start tail regression if they do not adhere, their trunk looks like that of juveniles but they have a tail and continue swimming. The mutant was named swimming juvenile after the shape of the mutant larvae.
CesA mutant larvae have a decreased ability to adhere to a surface with their adhesive papillae. This is not because they do not have the mucus substrate at the papillae. Our observations suggest that they have the mucus substrate and they can start adhesion; however, they cannot maintain adhesion and are easily removed from the wall of culturing plate where they adhere. Therefore, although cellulose is not the mucus substance itself, cellulose is necessary for efficient adhesion. The loss of cellulose results in defects in these aspects, all of which are required for initiating and continuing sessile life.
Therefore, the acquisition of cellulose-synthesizing ability is suspected to have enabled the ancestor of ascidians (which is thought to be a free-swimming animal (Wada et al., 1998) ) to evolve their unique sessile lifestyle. The success of this evolution may have enabled the ascidian group to diversify the most among the tunicate groups in the ocean.
By contrast, cellulose could be dispensable for the development, growth and reproduction of Ciona. The acquisition of cellulose was probably accidental, and therefore cellulose could not penetrate into the core mechanisms responsible for the viability of tunicates. The viability of cellulose-absent ascidians is based on laboratory observations, and celluloseabsent ascidians may be less fit than wild types in the ocean because of their lower ability to settle.
The origin of tunicate cellulose synthase
Because animal groups related to tunicates do not possess the gene encoding CesA-like protein, it is natural to consider that CesA gene was acquired specifically in the tunicate lineage after the group was separated from the vertebrate group (Fig. 1a) . Horizontal gene transfer is the plausible mechanism of the sudden appearance of a new gene in the specific lineage. Like cellulose synthase, genes encoding GH-6 cellulase are not found in the animal lineage (Nakashima et al., 2004) , suggesting that the ancestor of tunicates did not have the gene encoding GH-6 cellulase. GH-6 cellulase genes are found in the bacterial and eukaryotic (fungal) genomes. The independent transfer of cellulose synthase and GH-6 cellulase genes in close proximity in the genome of the tunicates' ancestor is unlikely because of the low probability of such transfer events. It is thus suspected that both cellulose synthase and the cellulase domains of tunicate CesA were simultaneously acquired by a single horizontal gene transfer event from a bacterium or fungus.
Phylogenetic analyses suggest that tunicate CesA exhibits affinity to bacterial CesA and GH-6 cellulase proteins (Nakashima et al., 2004; Sagane et al., 2010) . Some actinobacterial species encode both cellulose synthase and GH-6 cellulase at very close locations in the genome (Fig. 4a) . Gene clusters of cellulose synthase and cellulase genes are common in bacteria; however, the pairing of cellulose synthase and GH-6 cellulase is unusual among bacteria (GH-8-type cellulase is usually a component of the gene units including cellulose syn- thase; Matthysse et al., 2004; Nakashima et al., 2004) . Therefore, the gene unit of cellulose synthase and GH-6 cellulase seen in the actinobacterial genomes is a strong candidate as the origin of tunicate CesA.
Actinobacteria are a common bacterial group that live both in the ocean and on land. There is a report of an actinobacterium from the digestive tube of an ascidian (Bjerga et al., 2014) . The ancestor of tunicates could thus have had the chance to acquire actinobacterial genes by contact with actinobacteria. The ubiquity of the bacterial group may be essential for the success of the horizontal gene transfer event whose probability is very low.
The acquisition of the tissue-specific expression of CesA
The critical step of the horizontal gene transfer is the acquisition of the expression of the acquired gene in the host organisms. Since genes can be functional after transcription in the appropriate spatiotemporal manner, foreign genes that have penetrated into a host genome must be expressed before gaining a function. This transcriptional activation is particularly essential for the gene transfers between phylogenetically distant organisms: because the regulative mechanisms of gene expression differ among organisms, genes given from a phylogenetically distant organism demand multiple modifications in their cis elements to be expressed. Tunicate CesA is expressed in the epidermis (Matthysse et al., 2004; Nakashima et al., 2004; Sagane et al., 2010) . In this case, the question is how tunicate CesA evolved to be expressed specifically in the epidermis.
To address this question, our group analyzed the enhancer of Ciona intestinalis CesA. The epidermal enhancer of CiCesA is simple: it possesses the single binding site of the transcription factor AP-2 (Imai et al., 2017; Ogura and Sasakura 2016) that is necessary for the epidermal expression of Ci-CesA . This simplicity is unusual regarding tissue-specific expression during embryogenesis;
usually enhancers have multiple binding sites of transcription factors to achieve tissue-specific expressions even in the relatively short cis elements of Ciona genes (Corbo et al., 1997; Kusakabe et al., 2004; Irvine et al., 2011) .
The next question is how CesA acquired the AP-2 binding site at its upstream region. AP-2 is a conserved transcription factor among chordates, and it is responsible for the specification of ectoderm, which includes the epidermis (Eckert et al., 2005) . The conservation of AP-2 suggests that the ancestor of tunicates already possessed AP-2 expressed in the epidermis.
The binding site of AP-2 is known to be rich in G and C. Particularly, the AP-2 binding site of Ciona CesA is 5′-gcctgcgggc-3′ . Moreover, an approximately 100-base pair DNA stretch that flanks the AP-2 binding site of
CesA is also rich in GC. Because the genomes of tunicates are
usually rich in A and T (Dehal et al., 2002) , the de novo appearance of such a GC-rich element is unlikely.
The genomes of actinobacteria are usually rich in G and C (approx. 70% GC; Bentley et al., 2002) . This suggests that if tunicate CesA originated from the bacterial group, the gene was embedded in the GC-rich DNA stretch. The GC-rich DNA has a high probability of having a sequence similar to the AP-2 binding site in the proximal region of its gene body, although AP-2 is not encoded in the bacterial genome. Indeed, the gene units of cellulose synthase and GH-6 cellulase of some actinobacterial species have a sequence that is identical to the AP-2 binding site of Ciona CesA ( Fig. 4a ; . The genome fragments of actinobacteria that include the identical sequence to the CesA AP-2 binding site(s) exhibit the epidermal enhancer activity in Ciona (Fig. 4b) ,
suggesting that the actinobacterial genome had the potential to be the epidermal enhancer in the ascidian genome. Therefore, the likelihood of the success of the horizontal gene transfer of
CesA from actinobacteria to the ancestor of tunicates would be increased because of the simultaneous transfer of the gene body and the enhancer (Fig. 4c ).
Moreover, a key factor of this success is that the enhancer 
Future perspectives
The acquisition of cellulose synthesis ability could have (2) The mechanisms of metamorphosis. Because metamorphosis is the necessary event for ascidians to start a sessile lifestyle, understanding the underlying mechanisms of metamorphosis is particularly important for elucidating how ascidians evolved the sessile lifestyle (Sasakura and Hozumi, 2018) . Several studies have demonstrated the importance of neuronal networks for the initiation of metamorphosis (Coniglio et al., 1998; Kimura et al., 2003; Kamiya et al., 2014; Hirai et al., 2017) , and the characterization of the neurons responsible for metamorphosis is necessary for a complete understanding of this process.
(3) Characterization of the pathways of cellulose production. The acquisition and expression of CesA is not the only step for animals to acquire the ability to produce cellulose, because organisms use multiple steps for synthesizing cellulose (Schneider et al., 2016) . Because cellulose production starts in the epidermis at around the tailbud stage (Matthysse et al., 2004; Nakashima et al., 2004) , the genes expressed in the epidermis at around this stage are strong candidates that encode proteins responsible for the production of cellulose with CesA.
(4) Conservation of the CesA expression mechanism among tunicates. Ciona CesA is expressed in the epidermis in an AP-2-dependent manner . If the CesA expression mechanism was passed on from the ancestor, the mechanism must be retained within Literature Cited
